###### What are the new findings?

-   The main weight-bearing compartments presenting subchondral bone marrow oedema before the marathon, in asymptomatic middle-aged adults, showed reversibility following the training for and completion of running a marathon.

-   The patellofemoral compartment was the region most injured by marathon running.

-   Marathon running did not result in progression of meniscal tears and their presence did not affect performance.

###### How might it impact on clinical practice in the future?

-   Study findings could help inform marathon running-related decision making.

-   During training for a marathon, injury prevention exercises that target those areas of the knee which are more susceptible to damage, especially the patellofemoral joint, should be considered.

-   Runners, clinicians and the general public can use this data for a better understanding of the effect of high-intensity exercise on the knee.

Introduction {#s1}
============

Long-distance running has become a popular phenomenon worldwide, with more than 30 million individuals running marathons each year.[@R1] Running exerts repetitive stress on the lower extremities, especially the knee joint, therefore, in excess, can lead to injuries and the development of osteoarthritis[@R2]

Preparation for a marathon run has been linked to an incidence of musculoskeletal problems as high as 90%,[@R4] especially at the knee joint including patellofemoral pain.[@R5] As many participants are first-time runners, with the number of older marathoners being significantly on the rise,[@R6] this has given rise to increasing health concerns.

Few studies have investigated the effects of marathon running on the internal knee structures. MRI is the perfect tool to assess whether running a marathon changes the 'normal structure of the knee', and the high resolution 3 Tesla (T) MRI gives unprecedented precision in detecting subtle changes and pathologies in the structure.[@R8]

Evidence is lacking robustness, as to whether long-distance running, often on hard surfaces such as roads, is bad for the knees. Evidence has relied on small numbers of subjects (\<22 participants) and a variety of study designs, for example, low MR field strength (1.5T or less), varying follow-ups, different knee structures being assessed, unclear clinical significance, and differences in the scoring systems used for each knee structure.[@R1]

We aimed to better understand the effect of marathon running on the knee joint by performing high resolution 3T MRI scans of both knees of first-time marathon runners before and after running a marathon.

Methods {#s2}
=======

Study design and participants {#s2-1}
-----------------------------

This was a prospective, longitudinal cohort study. All volunteers provided written, informed consent before participation.

We recruited 115 healthy asymptomatic volunteers (51 males, 64 females, median age: 44 years, range: 25--73 years) who were registered for their first marathon (the 2017 London Marathon). The main inclusion criteria were: sedentary,[@R18] novice marathon runners with no present knee injury/history of knee injury or cardiac abnormalities. Volunteers were screened for good cardiovascular health by our cardiac team who used ECG, exercise stress testing and cardiac MRI. Pregnant women, individuals aged \<18 years, experienced runners, with known knee problems or poor cardiovascular health were excluded from the study.

All volunteers underwent bilateral knee 3T MRI scans 2 months before a 4-month standardised gradual training programme for the marathon. Thirty-one of our enrolled cohort failed to complete the training programme and were considered 'non-marathon runners' (see [figure 1](#F1){ref-type="fig"}) due to reasons not directly linked to their pretraining health condition: bradycardia (n=1), bronchitis (n=1), knee pain during training (n=2), calf issue (n=2), plantar fasciitis (n=1), Achilles tendinitis (n=1), metatarsal stress fracture (n=2), personal reasons (n=2) and undisclosed reasons (n=19).

![Recruitment and enrolment of study participants.](bmjsem-2019-000586f01){#F1}

Eighty-three participants completed the marathon, 71 of these attended the clinic for a second MRI scan half a month after the marathon, as did 11 of the 31 non-marathon runners who failed to complete the training and did not start the marathon. Non-marathon runners were used for comparison with the marathon runners' group ([figure 1](#F1){ref-type="fig"}; and [table 1](#T1){ref-type="table"} for full participant characteristics).

###### 

Baseline characteristics of study participants

  ----------------------------------------------------------------------
  Characteristics        Marathon runners n=71   Non-marathon runners\
                                                 n=11
  ---------------------- ----------------------- -----------------------
  Age (years)            44±8.5                  44±7.0

  BMI (kg/m^2^)\         25.2±3.6\               24.2±2.2\*\
  Height (cm)            171±9.2                 176±10.7

  Male : Female ratio†   32 : 39                 5 : 6
  ----------------------------------------------------------------------

Values are reported as mean±SD for normally distributed data.

\*There were two outliers for BMI (≥30kg/m^2^) so we excluded those participants from the BMI analysis.

†Average and measure of spread do not apply for categorical data.

BMI, body mass index.

Participant self-assessment questionnaire {#s2-2}
-----------------------------------------

The Knee Injury and Osteoarthritis Outcome Score (KOOS) was used as a self-reported questionnaire of the knee condition and associated injuries that can result in osteoarthritis.[@R19] The assessment is divided into five categories: pain, other symptoms, function in daily living, knee-related quality of life and function in sport and recreation. Participants were asked to complete the questionnaire both before and after the marathon to assess their perceived knee joint health. Each question was provided with five potential answers and marked from zero to four. The sum of the scores from each category was converted into a 0--100 scale, with zero indicating extreme knee problems and 100 indicating no knee problems.

Magnetic resonance imaging {#s2-3}
--------------------------

An MRI was performed on each participant 6 months before the marathon (and therefore before the standardised training programme), and then half a month after the marathon. Both knees of marathon runners were analysed using a 3.0 T MR scanner (Prisma, Siemens Healthcare, Erlangen, Germany) and dedicated knee coil. The imaging protocol included proton density-weighted fat suppressed (PD FS) sequences in axial \[repetition time (TR) msec/echo time (TE) msec; 4630/37\], sagittal (4200/41 ms) and coronal planes (5240/41 ms). All slices were 3 mm thick, with an image size/acquisition matrix of 320×320 pixels. The total acquisition time per bilateral scans was 25 min.

Radiological reporting/image analysis {#s2-4}
-------------------------------------

All MR images were reviewed using a picture archiving and communications system workstation by a musculoskeletal radiologist (AF) with 10 years experience at consultant level. 30% of the cohort (92 MRI scans from two time points of 46 knees from 23 volunteers; randomly-selected) were additionally and independently evaluated, by a second fellowship-trained musculoskeletal radiologist with 9 years experience at consultant level (AHir). The two examiners were blinded to the baseline characteristics of the volunteers. Images of both time points were separately analysed.

In case of discrepancies between the radiologists' evaluation, consensus scores were achieved after consultation.

Quantification of MRI findings {#s2-5}
------------------------------

Findings of the knee joint from MRIs were analysed using different validated scoring systems for the presence of any signal changes/lesions of varying severity: menisci,[@R20] cartilage,[@R22] bone marrow,[@R23] tendons,[@R24] ligaments.[@R21] Other findings were also specified, using a binary scoring system.[@R25] All abnormalities were recorded including Grade 1 abnormalities (all scores/grades different from zero were defined as 'lesions' throughout the text). The scoring systems are summarised in [online supplementary appendix 1](#SP1){ref-type="supplementary-material"}.
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In addition, we analysed the presence/absence of meniscal tears prior to the run versus the participants' marathon finishing times, to understand whether the presence of asymptomatic meniscal tears affected their performance.

For assessment purposes the patella was divided anatomically into medial and lateral regions, with the ridge being considered as part of the medial region. The tibia was divided into medial and lateral regions and the femur was divided into medial, lateral and trochlea regions and the trochlea was further divided into medial, central, lateral. The medial and lateral menisci were each divided into two subregions: anterior horn and posterior horn. Scores were assigned for each individual region.

Statistical analysis {#s2-6}
--------------------

Both knees of the same subject were examined and each knee was treated independently in the statistical analysis. The data was summarised and then comparisons were made between groups of data. Unpaired t-test was used to assess any significant differences between marathon runners and non-marathon runners with respect to age and height. Two sample t-test was used to assess any significant differences between the two groups with respect to body mass index (BMI). χ^2^ test was used for comparison of gender differences between the two groups. Changes between premarathon and postmarathon BMI were analysed using paired t-test in marathon runners and non-marathon runners, respectively. Wilcoxon test was used to assess significant differences between 6 months premarathon and half a month postmarathon scores/grades for each knee feature, as well as premarathon and postmarathon participant KOOS results for each questionnaire item. Statistical significance was defined as p\<0.05 (GraphPad Prism, V.6.0 c).

Patient and public involvement {#s2-7}
------------------------------

This research would not have been possible without the involvement of the runners who were successful in the ballot for the London Marathon 2017 and volunteered to participate in the study. No participants were directly involved in the design, recruitment, or conduct of the study. However, the participants were made aware of their contribution of clinical data to research through their informed consents. After publication, dissemination of the results will be sought across social media and scientific meetings. Also, a summary report of the study results was sent to participants informing them about our findings and implications.

Results {#s3}
=======

Before the marathon, 115 volunteers underwent MRI of both knees (230 MRI scans) and 82 out of them came back for another set of scans after the marathon and/or training (164 MRI scans). Here, we report any changes seen in the 164 knees when the premarathon MRI was compared with the postmarathon MRI for each knee structure. We have also compared findings between the runners (n=71, 142 knees) and the non-marathon runners (n=11, 22 knees). Full details were given in [online supplementary appendix 2](#SP2){ref-type="supplementary-material"}.
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Participant characteristics {#s3-1}
---------------------------

There were no significant differences between the two groups of volunteers (marathon and non-marathon runners) with regards to age (p=0.795), BMI at the beginning of the study (p=0.375), height (p=0.264) and gender (0.981).

A significant difference between preBMI and postBMI datasets in marathon runners (p=0.009) were noted and no significant difference in non-marathon runners (p=0.800) (see [online supplementary appendix 3](#SP3){ref-type="supplementary-material"}). The majority of marathon runners (67%) reduced their BMI as a result of the marathon training, with the median value reduced from 25.2±3.6 to 24.9±3.5.
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The mean marathon finishing time was 5 hours 20 min.

KOOS analysis {#s3-2}
-------------

Seventy out of the 82 participants completed KOOS questionnaires both before and after the marathon: 65/71 marathon runners and 5/11 non-marathon runners. Both premarathon and postmarathon KOOS scores in marathon runners and non-marathon runners were normally distributed. No significant changes between premarathon and postmarathon KOOS scores were identified in runners for the individual questionnaire items related to: symptoms (p=0.981), pain (p=0.121), daily activity (p=0.303), sports and recreational activities (p=0.133), quality of life (p=0.096). No significant differences between the same two scanning time points were reported among non-marathon runners: symptoms (p=0.375), pain (p=0.250), daily activity (p\>0.999), sports and recreational activities (p p\>0.999), quality of life (p=0.250) (see [online supplementary appendix 3](#SP3){ref-type="supplementary-material"}).

Meniscus {#s3-3}
--------

Before the marathon, 51 (36%) of 142 knees, of those who finished the marathon, had meniscal tears ([figure 2](#F2){ref-type="fig"}) and 23 knees (16%) had meniscal signal hyperintensity. There were no significant differences in prevalence of meniscal lesions between premarathon and postmarathon scans. After the marathon, only one runner showed an increased grade from a normal meniscus to horizontal tear in the left knee ([table 2](#T2){ref-type="table"}; 40-year-old woman; marathon finishing time: 6 hours 20 min). Menisci of all other scanned knees remained unchanged. The majority of the meniscal lesions (83%) were seen in the posterior horn of the medial meniscus.

![MRI scans of a 45 year old marathon runner with finishing time 3 hours and 51 min who was diagnosed during the pretraining period with bucket-handle tear of the posterior horn of the medial meniscus as it is indicated by (A) the sagittal PD FS image (TR=4670, TE=41, slice thickness: 3 mm) (white arrow) and the (B) coronal PD FS image (TR=5240, TE=41, slice thickness: 3 mm) where the meniscal flap within the intercondylar notch (arrow) is shown. The status of the meniscal tear did not change in 2 weeks after the marathon (see C, (D)). PD FS, proton density-weighted fat suppressed; TR, repetition time; TE, echo time.](bmjsem-2019-000586f02){#F2}

###### 

Number of postmarathon lesions in different structures before and after the marathon/training, in 142 knees of 71 marathon runners and 22 knees of 11 non-marathon runners

  -------------------------------------------------------------------------------------------------------------------------
  Knee abnormalities per structure   Marathon runners\   Non-marathon runners\                                       
                                     (n=142 knees)       (n=22 knees)                                                
  ---------------------------------- ------------------- ----------------------- --------------------------- --- --- ------
  Meniscal tears                     1                   0                       n.s.                        0   0   n.s.

  Cartilage lesions                  25                  2                       **Lateral patella**\        4   0   n.s.
                                                                                 **p=0.0005\***                      

  Patello-femoral                    21                  1                       3                           0       

  Tibio-femoral                      4                   1                       1                           0       

  BME lesions                        26                  23                      **Medial tibia**\           3   3   n.s.
                                                                                 **p=0.011†**                        

  Patello-femoral                    19                  2                       3                           1       

  Tibio-femoral                      7                   21                      0                           2       

  Tendon lesions                     13                  2                       **Semimembranosus**\        2   0   n.s.
                                                                                 **p=0.016\***                       

  Ligament lesions                   2                   2                       n.s.                        0   0   n.s.

  ITBFS                              15                  0                       **ITB**\                    1   1   n.s.
                                                                                 **p\<0.0001\***                     

  Prepatellar bursitis               7                   0                       **Prepatellar bursitis**\   1   0   n.s.
                                                                                 **p=0.016**                         
  -------------------------------------------------------------------------------------------------------------------------

All abnormalities were recorded including Grade 1 abnormalities (all grades different from 0 were defined as 'lesions'). P values\<0.05 indicate significant changes in the knees between the premarathon and postmarathon time points. See [online supplementary appendices 2 and 4](#SP2 SP4){ref-type="supplementary-material"} for further details.

\*Indicate significant worsening.

†Indicate significant improvement in the extent of lesion.

BME, bone marrow oedema; ITBFS, iliotibial band friction syndrome; n.s., not significant; Post-M, post-marathon; Pre-M, pre-marathon.

Out of the 84 participants who entered the race, 37 were diagnosed with meniscal tears and 47 were tear-free at the premarathon/pretraining MRI scan ([online supplementary appendix 5](#SP5){ref-type="supplementary-material"}). Only one participant who had a meniscal tear did not finish the marathon and this participant was not included in the statistical analysis. There was no significant difference in the finishing times between the two groups (meniscal tear present/meniscal tear absent) (p=0.135; [online supplementary appendix 5](#SP5){ref-type="supplementary-material"}).
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In non-marathon runners, six out of 22 knees (27%) had meniscal tears and five knees (23%) presented with meniscal signal hyperintensity at the first time point of scanning. No change was seen after the marathon ([table 2](#T2){ref-type="table"}).

Articular cartilage {#s3-4}
-------------------

Before the marathon, more than half of the knees, of those that went on to finish the marathon, already had cartilage damage (92 knees, 65%), with the majority of lesions located in the patellofemoral joint (70%) and all were asymptomatic. The patellofemoral joint was most affected after the marathon (21 cartilage lesions), especially the lateral patellar facet (12 lesions, p=0.0005; [table 2](#T2){ref-type="table"}; [figure 3](#F3){ref-type="fig"}; [online supplementary appendix 6 -- figure 2](#SP6){ref-type="supplementary-material"}; [online supplementary appendices 7 and 8](#SP7 SP8){ref-type="supplementary-material"}).
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![The prevalence of knees with premarathon and postmarathon cartilage lesions in marathon runners and non-marathon runners. The lesions were graded using the modified Noyes and Stabler scoring system and scores 0--4 were assigned: 1---areas of heterogeneous signal intensity on fat saturated IW FSE sequences; 2---cartilage defects that involve less than 1/2 of cartilage thickness; 3---cartilage defects that involve more than 1/2 of cartilage thickness but less than full thickness. 4---full thickness cartilage defects exposing the bone. Red circles indicate changes in the grading of lesions in the knees of participants between the premarathon and postmarathon scans. C, central; L, lateral; M, medial; IW FSE, intermediate-weighted fast spin-echo.](bmjsem-2019-000586f03){#F3}

Similarly, in non-marathon runners, more than half of the knees had cartilage lesions (15 out of 22 knees, 68%) prior to training. After training, four lesions worsened ([table 2](#T2){ref-type="table"}), with three of them being located in the patella ([online supplementary appendix 8](#SP8){ref-type="supplementary-material"}).
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Subchondral bone marrow {#s3-5}
-----------------------

Before the marathon, subchondral bone marrow oedema (BME) was present in 58 knees (41%), of those that went on to finish the marathon, with over half of the lesions in the patella-femoral joint (54%) ([figure 4](#F4){ref-type="fig"}) After the marathon, the patellofemoral joint had the highest number of new/worsened lesions (19 lesions; [table 2](#T2){ref-type="table"}; [online supplementary appendix 6 -- figures 3 and 4](#SP6){ref-type="supplementary-material"}), although of no statistical significance. However, improvement was noted in the medial compartment BME with 10 lesions improved in the tibia (p=0.011) and nine lesions improved in the femur (p=0.082; [table 2](#T2){ref-type="table"};[online supplementary appendices 7 and 8](#SP7 SP8){ref-type="supplementary-material"}). In non-marathon runners, nine out of 22 knees (41%) had BME before training. After training, there were three additional patellar lesions and three other lesions improved ([online supplementary appendix 6 -- figure 4](#SP6){ref-type="supplementary-material"}; [online supplementary appendix 7](#SP7){ref-type="supplementary-material"}).
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![The prevalence of knees with premarathon and postmarathon subchondral BME in marathon runners and non- marathon runners. The lesions were graded using the KOSS scoring system and scores 0--3 were assigned: 0---absent; 1---minimal (d\<5 mm); 2---moderate (d=5--20 mm); 3---severe (d\>=20 mm). Red circles indicate changes in the grading of lesions in the knees of participants between the premarathon and postmarathon scans. BME, bone marrow oedema; C, central; d, diameter; KOSS, Knee Osteoarthritis Scoring System; L, lateral; M, medial.](bmjsem-2019-000586f04){#F4}

Tendons {#s3-6}
-------

Before the marathon, tendon injuries were present in 60 knees (42%), of those that went on to finish the marathon, with the majority being patellar tendon, followed by quadriceps, semimembranosus tendon and lastly a small number of other tendons. Postmarathon, six new insertional semimembranosus tendon injuries appeared (p=0.016; [table 2](#T2){ref-type="table"}; [online supplementary appendices 5 and 6](#SP5 SP6){ref-type="supplementary-material"}). In non-marathon runners, five knees (23%) had tendon lesions before training. Post-training, two previously healthy knees developed patellar tendon lesions ([table 2](#T2){ref-type="table"}; [online supplementary appendix 7](#SP7){ref-type="supplementary-material"}).

Ligaments {#s3-7}
---------

Before the marathon, 59 knees (42%), of those that went on to finish the marathon, had ligamentous lesions, with the vast majority being found in the anterior cruciate ligament (ACL; 90%), and few in the medial collateral ligament (MCL; 7%) and lateral collateral ligament (LCL; 3%; [table 2](#T2){ref-type="table"}).

Only the collateral ligaments were minimally changed after the run: medial (two lesions resolved), lateral (two lesions appeared; [table 2](#T2){ref-type="table"}; [online supplementary appendices 7 and 8](#SP7 SP8){ref-type="supplementary-material"}). In non-marathon runners, seven knees (32%) had ligamentous lesions before training. No change was recorded after the training ([table 2](#T2){ref-type="table"}; [online supplementary appendix 7](#SP7){ref-type="supplementary-material"}).

Other findings {#s3-8}
--------------

Before the marathon, a number of marathon runners' knees had: joint effusion (52%), Baker's cyst (34%), prepatellar bursitis (25%) and iliotibial band friction syndrome (ITBFS) (2%).

After the marathon, there was a significant increase in the number of knees with prepatellar bursitis (seven lesions; p=0.016) and ITBFS (15 lesions; p\<0.0001) ([table 2](#T2){ref-type="table"}). Similarly, joint effusions (50%), Baker's cysts (41%) and prepatellar bursitis (27%) were prevalent in non-marathon runners before the training. After training, the levels of these remained almost unchanged.

Dual reporting {#s3-9}
--------------

No major discrepancies between the scores of the two radiologists were reported (30% participants). For patellar cartilage we found differences in the radiologists' scores in 30% of the scans at the two time points, but consensus scores were achieved after consultation between radiologists.

Discussion {#s4}
==========

Principal findings {#s4-1}
------------------

Data from MRI scans of 164 knees from 82 novice, middle-aged marathon runners found damage in some areas of the knee (lateral patella cartilage and bone, the iliotibial band) and improvement in other areas (subchondral bone of the femoral and tibial condyles) as a result of training for, and running a marathon. Meniscal damage did not prevent marathon running.

Strengths and weaknesses {#s4-2}
------------------------

Crucial to this study design was the recruitment of middle-aged volunteers because they had a large number of asymptomatic knee abnormalities on MRI prior to training/running: this enabled us to examine both increased and decreased damage to identify those structure at risk and those that benefit from long distance running. Additionally, this is the largest and most detailed study of the knees of middle-aged marathon runners. Detailed assessment of each knee structure was made from 3T MRI, which is the highest resolution in clinical use and enabled greater diagnostic confidence.[@R8]

We acknowledged the following limitations: first, MRI reporting involves a certain level of bias but we tried to minimise it by involving two independent radiologists in the image analysis. Second, prestudy lifestyle details such as sport activities were not available and could not be accounted for; however, the participants were sedentary at recruitment and followed a standardised training programme premarathon. Lastly, the exact times of dropping out from training by non-marathon runners were unavailable and could not be commented on.

Comparison with previous studies {#s4-3}
--------------------------------

Only a few marathon studies have used 3T MRI,[@R12] and none of these had a sample size greater than 22.[@R1] Limitations of these studies include short follow-up and absence of controls.

There is some agreement between our findings and other marathon studies. Similar to our study results, Schueller-Weidekamm *et al*[@R13] showed no increase in intrameniscal signal intensity after the marathon except in one case. In agreement with our study, signal alterations in the ACL, patellar tendon and joint effusions were seen before the marathon at a relatively high level, with little to no change after the run.[@R6]

The evidence on BME is conflicting. Stahl *et al*[@R15] reported BME in 50% of marathon runners' knees and there was an increase in the extent of oedema in 20% of the affected knees after the run. While the majority of other studies[@R10] did not show significant bone marrow changes. Our study is the first to show improvement in the subchondral BME as a result of running a marathon.

Schueller-Weidekamm *et al*'s study[@R13] showed a much lower prevalence of cartilage lesions before the marathon, with 18% knees affected (the specific location of lesions was not reported), while our study had 65% of knees affected. Additionally, they found no change after the run while we found a significant increase in patella cartilage lesions.

Clinical significance {#s4-4}
---------------------

The improvements seen in the BME of the subchondral bone of the medial compartment may suggest that marathon running and/or training could have a protective effect on the knee joints of sedentary asymptomatic individuals.[@R26] Perhaps regular running prevents medial compartment overload due to muscle strengthening.[@R29] Further investigations are needed involving longer follow-up but the implications of these findings are important because subchondral bone marrow defects are linked with the onset of osteoarthritis,[@R31] and exercise is recommended for the treatment of osteoarthritis.

Our study helps to understand the optimal dose of exercise for human knee joints. Marathon training and running may be above the dose recommended for the patellofemoral joint: or recovery treatments should be targeted at this area of the knee. However, marathon seems to be a satisfactory dose of exercise for the medial and lateral tibio-femoral joints.

Before the marathon we found a number of asymptomatic meniscal tears---including bucket-handle tears. After the marathon, the tears did not develop further, supporting conservative/non-surgical management of meniscal injuries in general, if asymptomatic.

Unanswered questions and future research {#s4-5}
----------------------------------------

We question whether the lesions that appeared/worsened from pre-existing ones after the marathon resolve at a long-term follow-up. Further research is required to clarify whether the marathon damage to the knee joint structures is permanent and how serious it is.
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